The rapamycin-sensitive Tor signaling pathway couples nutrient availability with cell growth in Saccharomyces cerevisiae, Drosophila melanogaster, and mammalian cells (36, 38, 41) . In addition to a well-established role in the control of translation initiation, the Tor proteins play a dynamic role in controlling transcription in response to nutrient signals. Inhibition of the Tor kinases by rapamycin or nitrogen limitation results in the marked induction of genes subject to nitrogen catabolite repression (NCR), genes associated with the retrograde response, and genes induced by various environmental stresses such as sodium toxicity and carbon starvation (2, 4, 6, 9, 13, 19) . In contrast, inhibition of Tor results in the rapid repression of genes involved in ribosome biogenesis, including tRNAs and rRNAs transcribed by Pol I and Pol III as well as ribosomal proteins expressed by Pol II (6, 25, 35, 49) . Significant progress has been made in understanding how the genes that are induced by Tor inhibition are controlled. In these cases, under optimal nutrient conditions the Tor pathway prevents the nuclear import of the corresponding transcription factors, including Gln3, Gat1, Msn2, Msn4, Rtg1, and Rtg3 (2, 4, 19) . However, the molecular mechanism(s) by which Tor regulates expression of the RP genes remains poorly understood.
The RP genes are subject to stringent regulation in order to couple protein synthesis and growth to the availability of nutrients and the physiological status of the cell (48) . In addition to the Tor pathway, two other important signaling pathways regulate RP gene expression. The nutrient-sensing protein kinase A (PKA) pathway is required to activate RP gene expression while the PKC pathway mediates repression of RP genes in response to perturbations of the cell integrity pathway (18, 31) . Additional signaling programs are also thought to regulate RP gene expression in response to nutrients (30) . The majority of RP gene promoters contain binding sites for two transcription factors of partially overlapping function: Abf1 and Rap1 (21, 23 ; reviewed in reference 33). The most prominent of these factors, Rap1, activates RP gene expression and also functions in silencing telomeres and the silent mating type loci HML and HMR (15, 47) .
Gene activation in eukaryotic cells requires mechanisms that overcome the repressive effects of chromatin at specific promoters. A growing body of evidence suggests that this is accomplished by the recruitment of chromatin-remodeling complexes by site-specific transactivators (46) . Recent work has demonstrated a strong correlation between recruitment of the Esa1 histone acetylase and transcription from RP gene promoters (37) . Furthermore, recruitment of Esa1 to RP gene promoters requires a binding site for Rap1 and/or Abf1 (37) . Esa1 is the catalytic subunit of the NuA4 histone acetylase complex that acetylates histones H4 and H2A (1) . The NuA4 complex is recruited to DNA by acidic activators such as VP16 and Gcn4 (5) .
In this work we examined whether Tor signaling is required for the occupancy of known regulatory factors at the RP gene promoters by using chromatin immunoprecipitation assays. We found that Tor signaling is required for the maintenance of Esa1 at RP gene promoters. Repression of RP genes in response to nutrient depletion or rapamycin treatment requires components of the Rpd3-Sin3 histone deacetylase complex. Our results establish a link between Tor-mediated nutritional signaling and histone acetylation and illustrate a novel mechanistic paradigm by which the Tor pathway controls gene expression.
MATERIALS AND METHODS
Saccharomyces cerevisiae strains, plasmids, and growth conditions. Strain MCY47 was obtained by introducing a three-hemagglutinin (HA) epitopetagged Esa1 in a two-step gene replacement (with plasmid YIplac211 HA-Esa1, a generous gift from Kevin Struhl) into strain MLY41 ⌺1278b MATa ura3-52 (37) . Strains JRY16a, JRY17a, and JRY18a were derived from MLY41a by replacing the entire open reading frame of RPD3, SIN3, and SAP30, respectively, with kanMX. Gene disruptions were all verified by PCR.
Chromatin immunoprecipitation and quantitative PCR. Exponentially growing cultures of strain MCY47 containing HA 3 epitope-tagged Esa1 were treated with 100 nM rapamycin for 0, 15, 30, and 60 min. Cultures were adjusted to 1% formaldehyde and incubated for 20 min at room temperature with gentle shak-ing. Glycine was added to a final concentration of 150 mM, and incubation continued for 5 min. Cells were harvested in prechilled bottles and washed twice with ice-cold phosphate-buffered saline. Chromatin was prepared essentially as described previously with the following modifications, and the entire procedure was performed at 4°C (14, 20) . Cells were resuspended in 0.8 ml of lysis buffer (50 mM HEPES [pH 7.5], 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% sodium deoxycholate, 25 mM ␤-glycerophosphate, 25 mM NaF, and protease inhibitors [1 mM phenylmethylsulfonyl fluoride, 1 g of pepstatin ml Ϫ1 , 1 mM benzamidine, 1% aprotinin]), an equal volume of 0.5-mm-diameter glass beads was added, and cells were disrupted by vigorous shaking. Glass beads were discarded as indicated (14) , and cell lysates were centrifuged at 200,000 ϫ g for 20 min to recover the cross-linked chromatin. The chromatin was resuspended in 0.8 ml of lysis buffer, sonicated to produce fragments with an average size of 350 bp (6 times for 10 s at setting 3 in a Bradson sonicator fitted with a microtip), and centrifuged at 10,000 ϫ g for 15 min. The protein concentrations from the different samples were determined, and 1.8 mg was incubated with antibodies for 2 h. The antibodies used were anti-HA monoclonal antibody F-7, anti-Rap1 (yC-19), anti-Abf1 (yC-20), anti Rpd3 (yN-19 and yC-19) from Santa Cruz Biotechnology and anti-K5, -K8, -K12, and -K16-acetylated histone H4, chromatin immunoprecipitation grade, from Upstate Biotechnology. Immunocomplexes were recovered by adding 30 l (bead volume) of protein A-Sepharose or protein G-Sepharose. Following incubation for 1 h on a rotator, beads were washed twice with lysis buffer, twice with lysis buffer containing 0.5 M NaCl, twice with 10 mM Tris-HCl (pH 8.0)-0.25 M LiCl-1 mM EDTA-0.5% NP-40-0.5% sodium deoxycholate, and once with Tris-EDTA (TE). All washes were done with a volume of 1.5 ml and for a period of 5 min on a rotator. Immunocomplexes were eluted by incubating the beads in 100 l of TE-1% sodium dodecyl sulfate at 65°C for 10 min. To reverse the cross-links, the samples were incubated at 65°C overnight and protein was removed by digestion with 100 g of proteinase K for 2 h at 37°C. Following extraction with phenol-chloroform-isoamyl alcohol, 5 g of glycogen and 1/10 volume of 5 M LiCl-50 mM Tris-HCl (pH 8.0) were added and DNA was ethanol precipitated overnight at Ϫ20°C.
Quantitative PCR in the linear range for each set of primers and DNA was performed as indicated previously (20) with the following modifications. The amount of DNA used for the PCRs for the immunoprecipitates was 1/50 to 1/1,000 of the total sample, and that for the inputs was 1/5,000 to 1/10,000 of the total sample. PCRs were carried out with 15 l containing 1 M primers, 125 M deoxynucleoside triphosphates, 0.1 Ci of [ 32 P]dCTP ml Ϫ1 (specific activity, 3,000 Ci mmol Ϫ1 ), 0.37 U of Ex-Taq polymerase, and 5 l of DNA template. PCR amplification was for 28 to 30 cycles consisting of 30 s at 94°C, 30 s at 55°C, 30 s at 72°C, and finally 5 min at 72°C. For amplification of longer PCR products (see Fig. 4C ), PCR amplification was for 35 cycles consisting of 30 s at 94°C, 30 s at 55°C, 2 min at 72°C, and finally 5 min at 72°C. PCR products (typically, 275 to 300 bp) were quantified with a Storm 860 PhosphorImager (Molecular Dynamics), and promoter occupancy was calculated by dividing the amount of PCR product obtained with immunoprecipitated DNA by the amount obtained with total DNA (input).
Starvation assays. Nitrogen starvation medium (SD-N) contained 0.17% Bacto yeast nitrogen base without amino acids or ammonium sulfate, 2% glucose, and 0.2% uracil. Yeast strains were grown on yeast extract-peptone-dextrose (YEPD) plates at 30°C for 24 h and replica plated to SD-N media. After 12 days at 30°C, cells were replica plated back to YEPD and grown at 30°C for 24 h and photographed.
Northern and Western blotting. RNA isolation and Northern blot analysis were performed as described previously (6) . Protein extracts were quantitated, 
RESULTS
Maintenance of Esa1 histone acetylase at RP promoters is rapamycin sensitive. The Tor pathway responds to nutrients by controlling expression of RP genes (6, 35) . Recent work has revealed that the coordinate expression of RP genes is associated with recruitment of the histone acetylase Esa1 to the RP gene promoters (37) . Furthermore, conditions that repress ribosomal protein gene expression such as heat shock or amino acid deprivation lead to a loss of Esa1 from RP gene promoters (37) . Here we tested if Tor regulation of ribosomal protein gene expression involves targeted recruitment of Esa1 to these promoters.
We examined promoter occupancy by Esa1 in untreated or rapamycin-treated cells by chromatin immunoprecipitation. Rapamycin treatment resulted in a marked release of Esa1 from the promoters of two RP genes, RPL9A and RPS11B, whose expression is known to be inhibited by rapamycin treatment ( Fig. 1A and B) . In addition, the kinetics of Esa1 release are similar to the kinetics of RP mRNA disappearance. Following 60 min of treatment, Esa1 promoter occupancy was reduced to the background level of detection (see control lanes [beads]) and RP gene mRNAs were nearly undetectable (compare Fig. 1A and B) . In agreement with earlier results (37), recruitment of Esa1 to RP gene promoters was specific and only a background level of Esa1 promoter occupancy was observed at the ACT1 promoter, which is not an Esa1 target (Fig.  1A) (37) . In accordance with these results, the amount of acetylated histone H4, the major Esa1 substrate (8, 44) diminished at the RP gene promoters while it remained unchanged at the ACT1 promoter (Fig. 1A ). These results demonstrate that Tor controls the occupancy of Esa1 at RP gene promoters.
Tor regulates Esa1 maintenance at RP gene promoters without affecting Rap1 or Abf1 binding. The majority of the RP gene promoters contain binding sites for the transcription factors Rap1 and Abf1 (21) . Moreover, evidence suggesting that Esa1 is recruited to RP gene promoters by Rap1 and Abf1 has been presented (37) . We examined the effect of rapamycin on RP gene promoter occupancy by Rap1 and Abf1. The levels of Rap1 and Abf1 at the RPL9A and RPS11B promoters re- 
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on September 8, 2017 by guest http://mcb.asm.org/ mained unchanged during the course of rapamycin treatment (Fig. 1A) . By contrast, Rap1 and Abf1 were not detected at the ACT1 promoter, which lacks binding sites for these factors (Fig. 1A) . These results illustrate that the Tor pathway regulates RP gene promoter occupancy by Esa1 without affecting the binding of Rap1 and Abf1 to these promoters. Similarly, previous results have shown that amino acid deprivation induces release of Esa1 from RP gene promoters yet has no effect on Rap1 or Abf1 binding (37) . An involvement of the Tor pathway in regulating protein stability has been previously reported. Rapamycin treatment leads to a rapid destabilization of the tryptophan amino acid permease Tat2 and the translation initiation factor eIF4G (3, 42) . However, the steady-state levels of the Esa1, Rap1, and Abf1 proteins were not affected during the time course of rapamycin treatment in our studies (Fig. 1C) . Thus, loss of Esa1 and acetylated histone H4 from RP gene promoters is not attributable to decreases in protein levels.
The Rpd3-Sin3 complex mediates RP gene repression in the absence of Tor signaling. Deacetylation of chromatin by histone deacetylase complexes has been implicated in the repression of genes (reviewed in references 11, 12, and 28). The link between Tor signaling and Esa1-dependent acetylation prompted us to investigate the role of histone deacetylase complexes in RP gene repression. We examined the rapamycin sensitivity of an isogenic set of yeast strains lacking the Hda1, Hos1, Hos2, Hos3, Sir2, or Rpd3 histone deacetylases. Mutations in the Rpd3-Sin3 histone deacetylase complex, which includes Sap30, conferred a clear increase in rapamycin resistance ( Fig. 2A) , while mutation of the other deacetylases tested had no effect ( Fig. 2A and data not shown) . In support of these results, we note that deletion of the gene encoding Sap30 or the Sin3-associated protein Sbt3 has recently been shown to confer rapamycin resistance in a large-scale screening of the yeast deletion consortium strain series (7) .
The Rpd3-Sin3 histone deacetylase complex has not been previously linked to RP gene promoter regulation. Thus, we examined the occupancy of Rpd3 at RP gene promoters in the presence of rapamycin. Chromatin immunoprecipitation reveals that Rpd3 specifically occupies the promoters of RPL9A and RPS11B, and this occupancy is unaffected by rapamycin treatment (Fig. 2B and data not shown) . We found that Rpd3 occupancy is not limited to the RP gene promoters and that Rpd3 is also present in the coding regions of the RPL9A and RPL18B genes (Fig. 2C and D) . More-extensive PCR analysis excluded the possibility that association of Rpd3 is an artifact of binding to the promoter present in long pieces of immunoprecipitated DNA that also contain the coding region. This analysis revealed that Rpd3 associates with both the 5Ј promoter region of RPL9A and the most distal 3Ј coding region (fragment 3) even though no PCR products spanning both regions were detected (Fig. 2C) . Moreover, the RPL18B promoter lacks Rap1 and Abf1 binding sites (37) , indicating that Rpd3 is not targeted to RP genes by these transcription factors. These data are in agreement with a recent report that demonstrates that the Sin3 complex constitutively associates with chromatin in a nontargeted fashion (22) .
The functional significance of Rpd3 occupancy at RP gene promoters was tested by Northern blotting and chromatin immunoprecipitation. Mutations in the RPD3, SIN3, or SAP30 genes resulted in a defect in rapamycin-induced repression of RP genes (Fig. 3A) . While this effect is modest (three-to fivefold as measured by phosphorimaging), it is highly reproducible in a set of mutants constructed in two different strain backgrounds (⌺1278b and S288C). Importantly, deletion of the RPD3 or SAP30 genes also largely prevents the loss of acetylated histone H4 from RP gene promoters that accompanies rapamycin treatment in wild-type cells (Fig. 3B) . Taken together, our data indicate that the Rpd3-Sin3 histone deacetylase complex contributes to RP gene repression in the absence of Tor signaling.
The Rpd3-Sin3 complex is required for proper adaptation to nutrient limitation. The transcriptional program induced by rapamycin is strikingly similar to that seen in cells subjected to a nutritional downshift (6, 13; reviewed in reference 38). In addition, the Rpd3-Sin3 complex has been implicated in the repression of the CAR1 and CAR2 genes that are subject to nitrogen catabolite repression (27) . We reasoned that mutations in genes encoding the Rpd3-Sin3 complex might therefore also cause an aberrant response to nutrient limitation, similar to that observed with rapamycin treatment. Subjecting rapidly growing cells to a nutritional downshift (YEPD to SD-N media) faithfully reproduced the transcriptional program imposed by rapamycin. Wild-type cells induced the expression of the NCR gene GAP1, and the rpd3, sin3, and sap30 (Fig. 4A) . In contrast, whereas wild-type cells rapidly repressed RP gene expression, cells bearing rpd3, sin3, or sap30 mutations exhibited a modest reduction in the ability to repress RP gene expression (Fig. 4A) . We next tested the idea that these mutant strains may be more susceptible to nitrogen starvationinduced death. Indeed, we find that rpd3, sin3, and sap30 mutations dramatically impair the ability of cells to survive nitrogen starvation (Fig. 4B) . In summary, the Rpd3-Sin3 histone deacetylase complex is required for proper adaptation to nutrient limitation. We suggest that proper regulation of RP gene transcription mediated by the Rpd3-Sin3 complex is important for adaptation to nutritional stress.
DISCUSSION
The expression of RP genes represents a fundamental question in biology: how do cells coordinately regulate a large set of genes in response to multiple signals? RP gene expression must be sufficient to satisfy the demands of cell growth during favorable conditions, while at the same time be subject to rapid repression in response to a myriad of conditions that are unfavorable for growth. The Tor kinases transduce signals that promote or repress growth via the RP genes. Tor signaling is intimately linked to other signaling programs also implicated in the regulation of RP genes, including the PKC-cell integrity pathway, the nutrient-sensing PKA pathway, and the nitrogensensing pathway. In higher organisms, Tor is known to respond to a variety of mitogenic signals, including amino acid availability, and it has recently been suggested that the Tor kinases may act as direct sensors of ATP (10) .
Under optimal growth conditions, the Tor kinases mediate inactivation of genes subject to nitrogen catabolite repression, the retrograde response-induced genes, and stress-induced genes by regulating the phosphorylation status and thereby preventing the nuclear import of the corresponding transcription factors (2, 4, 6, 19) . Here we show that, in response to nutrients, Tor signaling activates the expression of RP genes by promoting maintenance of the Esa1 histone acetyltransferase complex to RP gene promoters. Accordingly, our results demonstrate that the association of Esa1 with the RP gene promoters is rapamycin sensitive and that the loss of Esa1 from these promoters mimics the kinetics of RP gene repression upon addition of rapamycin. A formal possibility is that a decrease in RP gene expression contributes to the observed loss of Esa1 from chromatin. However, because there is no precedent for this model we do not favor this interpretation.
We find that Rap1 and Abf1 remain bound to the RP gene   FIG. 4 . The Rpd3-Sin3 complex is required for adaptation to nutrient limitation. (A) Isogenic wild-type (MLY41a) and rpd3 (JRY16a), sin3 (JRY17a), and sap30 (JRY18a) mutant strains were grown to early exponential phase in YEPD. Cultures were collected by centrifugation, washed, and resuspended in SD-N medium. Samples were collected at 0, 15, 60, and 120 min as indicated. RNA was prepared and analyzed by Northern blotting with radioactive probes that hybridize to the genes indicated at left. Hybridization to the ACT1 message served as a loading control. (B) Isogenic wild-type (MLY41a), and rpd3 (JRY16a), sin3 (JRY17a), and sap30 (JRY18a) mutant strains were grown on YEPD solid medium overnight at 30°C to achieve confluent growth. Cells were replica plated to SD-N medium, incubated for 12 days, replica plated back to YEPD, grown for 24 h, and photographed. Supporting the idea that histone acetylation is linked to Tor signaling, we find that deletion of the genes encoding subunits of the Rpd3-Sin3 complex results in a defect in rapamycininduced repression of RP genes. Furthermore, these strains also display a defect in the repression of RP genes in response to nutrient limitation. Importantly, the Rpd3-Sin3 complex preferentially deacetylates histone H4, which is the major substrate of Esa1 (1, 39, 40) . Although the Rpd3-Sin3 complex is required for rDNA silencing, it has not been previously implicated in the repression of RP genes (45) . Our results demonstrate that Rpd3 is present at both active and inactive RP gene promoters. Additionally, Rpd3 is present at the promoter regions as well as the coding regions of RP genes and the localization of Rpd3 to these genes does not require binding sites for Rap1 or Abf1. These results are consistent with recent reports demonstrating that untargeted and global deacetylase activity at promoters and coding regions is important for rapidly reversing the effects of localized transcription responses (17, 22) .
Our results are consistent with the following model. In response to ample nutrients, Tor signaling favors the occupancy of the Esa1-histone acetylase complex at RP gene promoters resulting in histone H4 acetylation and alterations in chromatin conformation that activate transcription. In response to nutrient limitation or rapamycin treatment, Tor signaling is inhibited, leading to the release of the Esa1-histone acetylase complex from RP gene promoters. The chromatin is returned to the repressed state by the Rpd3-Sin3 histone deacetylase complex that is already resident at RP gene promoters. Our ongoing studies are focused towards understanding the signaling events between the Tor kinases and the transcription machinery at the RP gene promoters.
We suggest that histone acetylation is an important mechanism for adaptation to growth in nutrient-limiting conditions. Recent years have seen a flurry of reports establishing a connection between the Sir2 histone deacetylase complex and aging (12, 24) . Sir2 is thought to regulate life span by blocking inappropriate gene expression. Most interesting is that the NAD-dependent activity of Sir2 may provide a link between chromatin acetylation and the overall metabolism of a cell. We therefore find it intriguing that, in mammalian cells, rapamycin treatment results in a gene expression profile that resembles one seen with amino acid limitation (32) .
Rapamycin is having a dramatic impact on clinical medicine in several arenas. Approved for use in cases of transplant rejection in 1999, rapamycin is now being developed to prevent restenosis following cardiac stent surgery and most recently as a novel chemotherapy agent (16, 26, 43) . The promise of rapamycin as a cancer drug is being explored in phase II and III clinical trials and recent reports have demonstrated its remarkable antitumor activity in cells where the phosphatidylinositol 3-kinase-AKT pathway is upregulated (16, 29, 34) . A more complete understanding of mTor signaling should enhance the clinical utility of rapamycin. Our studies elucidating novel roles for Tor in controlling transcription in response to nutrients may provide insights into mTor signaling in human cells.
